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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL NOTE NO. 424

PRELIMINARY PHOTOMICROGRAPHIC STUDIES OF FUEL SPRAYS

By Dana W, Lee and Robert Gﬁ Spencer
SUMMARY -

Photomicrographs were taken of fuel sprays injected
into air at various densities for the purposes of studying
the spray structure and the stages in the atomization of
the fuel. The photomicrographs were taken at magnifying
powers of 2.5, 3.25, and 10, using a spark discharge of
very short duration for illumination, The results indi=
cate that the theory advanced by Dr. R. A, Castleman, jr.,
on the -atomization of fuel in carburetors may also be ap-
Plied to the atomization of fuel sprays of tae solid-
injection type. The fuel leaves the nozzle as & ‘kolid
column, is ruffled and then torn into small) 1rregular
ligaments by the action of the air.: These ligaments are
then quickly broken up into drops by the surfa09 tension
of the fuel. The photomicrographs also show that the dis-
persion of a fuel spray at a given distance from the noz-
zle increases with an increase in the Jet velocity or an
increase in the sair density. The first portions of fuel
sprays lnjected from an automatic injection valve into alir
at atmospheric density have a much greater dispersion than
the later portions, but this difference decreases rapidly
as the air density is increased.

INTRODUCTION

In the course of the general ressarch on fuel sprays
for compression-ignition and spark-ignition engines of the
solid~injection type, much Information has been gathered
about the external form of the sprays, their penetration
and dispersion, and about the atomization and distridution
of the fuel within the sprays. From various phenomena ob-
served, inferences have besn drawn concerning the internal
structure of  -the¢ sprays and the nature of the atomization’
protess, Howsever, very little dirsct information has been
avalilable concerning this process,
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At the laboratory of the National Advisory Committes
for Aeronautics, a large number of photomicrographs have
recently been made of fuel sprays from a variety of mnoz-
Zzles uged in fuel-injection work., They rsveal details of
spray structure which had heretofore been unobserved and
the true nature of which has bsen largely a matter of con-
jecturs., The purpose of this note is to present a few of
these photomicrographs accompanled by a brief discussion
of the results obtained, The work is being continued, and
a more complete account of the results will be published
later,

APPARATUS AND METHODS

¢

A microscope with camera attachment was used to take
photomicrographs at & magnifying power of 10; camera lenses
mounted in the end’' of' 2 box about 2 feet long gave satis-
factory photographs at magnifications of 2.5 and 3,25.

In each case the illumination was furnished by a
spark discharge obtained with the electrical circuit de~
seribed in reference 1. The spark gap was placed directly
beixind the sprays 80 that the photomlcrographs are silhou~
_etteSo -

The nozzles were used as part of an automatlic Injec-
tion valve and also as open nozzles. The injection valve
was operated by the common-rail fuel-injection system of
the N.A.C.A. spray photography spparatus. Synchronization
of the spark and the spray was accomplished by a rotary
digk switch on the seme shaft with the cams that control
the injection, The spark could ve made %o occur at any
desired stage in the development of the spray by chaunglng
the phasing of the digk switch with respect to the cam-
shaft. The spreys from the automatic injection valve were
injected into a zlass-walled chamber, in which the air den-
sity could be maintained above or below atmospheric. Tae
sporays from the open nozszles were continuous, and were al-
ways injected into air at atmospheric density, the fuel
being, supplied undér. pressure from a reservoir arrangsd to
naintaln a constant pressure for several seconds, In this
case the timing of the spark was manually conitrolled, The
open nozzles were used with injection pressures up o
1,000 pounds per sguare inch, because the operation of the
automatlc injection valve wag erratic at this -and lower
Pressures,. _. . .
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RESULTS -AND DISCUSSION

The fact that the sprays were photographed as silhou-
ettes should be kept in mind while studying the photomis
crographs, because the core of the spray is ‘the only part
dense enough to register on the films, Most of the mlnute
.drops in the envelope of the spray surrounding the core
cowld not be photographed. ’

I%+ was found that the fundamental processes involved
in . the spr¥ay formation could be better observed in photo-
uicrographs of sprays ian air at atmospheric density than
in those made at higher air demnsities. TFine details of
sprays in dense air were so obscured.by the cloud of mist
surrounding the core that clear photographs could:not be
obtained., A Detter interpretation may be given to.suck
.photomicrographs after studylng those made at alr densi-
ties of one atmosphere or less,.

The results obtained at atmospheric air .density are
directly applicable to the case of fuel injection during
the intake stroke in spark-ignition engines.

Sprays at‘Léﬁ,injection Prossures

The photomicrographe taken at injection pressures be-
10w 1,000 pounds per square inch are of special interest
because of the clearness of detail obtalnadble and the fact
that at these low pressures the disintegration of the fuel
column is slower and the various stages are more distinct-
ly separated, :

The photomicrographs presented in this report show
that the behavior of fuel sprays follows the process out-
1ined by Dr. R. A, Castleman, jr., of the Bureau of Stand-
ards, He says in referonce 2, conceraning atomization by
carburetion, "The actual process of. atomization scems
rather simple. A portion .of the large mass is caught up
(say, at & point where its. surface is ruffled) by the air
stroam and, being anchored at .the other end, is drawn oub
into a fino ligamont, %}is,ligamont is quickly cut off by
the rapid growth of a d®nt in its surface, and the deotachod
masg, being quito small, is swiftly drawn up into a sphor-
ical drop." He comparos "solid" injoction of fuel %o alr-
stream atonization, and concludes that the atomization

—

S i
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processes are similar, the formation of ligaments belng
controlled by the relative velocity between the air and
the fuel in each. case.

The breakdown of a low-velocity liquid column into
drops, winilch is similar to the breakdown of ‘a ligament as
described by Castleman, is illustrated by Flgure 1, which
shows a stream of fuel injected from a 0,020-inch orifice
at a very low pressure and consequently a very low veloc~-
1457 :

. The photomlcrographs of Figure 2 furnish many -illus-—
trations of the formation of ligaments gnd their breakdown
into drops. The appearance of a constriction in the 1ig-"
sment just prior to breaxing off is noticeable in a great
many of the photomicrographs that have been taken, Iany
detszils observeble ofi- the original negatlives, of which
sabout 2,000 have been made, ard lost ian the process of ro-
production. Tho similarity Dbotween the photomicrogr&phs
of rFigure 2 and tho photographs made by Schoubel of air-
gstroam atomization in a modol carburetor (reforsnce 3) is
vory strikings - foee - )

FPigure 3 shows six stagos in tho dovolopment of a fuol
spray injected at a low pressure into the atmosphore. Ho-
tico the ruffling of the fuel colunn necar tho nozzlo, vhich
grovs in megnitudo as the distance from the nozzle ig in-
creased, At stlill greater distances ligaments are formed
which then collapse to form drops..

Effect of Injection Fressure

_ Figure 4 shows photomicrographis, teken 5 inches fron
the nozzle, of sprays injected into, the atmosphere at va-
rious injection pressures, They show that the disruption
of tiae fuel jet and the digspersion of the fuel particles
increased as the injection pressure increasod. At pros—
sares above thosc shown, the disporsion is still greator,
but the cloud of fine drops in the envelope caused thy
photograph to be Blurred and unsuitable for reproduction,
“In the original nogatives thoe formation of small ligamonts
" is very noticeable even abt injectlon proessures of 1,000
pounéds per square inch and highor,
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Influence of Air Density

As has been mentioned before, all photomicrographs
taken at densities obther than atmospherioe show sprays from
an automatic injection valve. As shown In Figure 5, the
first part of a spray from such & valve is more widely
dispersed than the later portions, Photomicrogrephs of
sprays injected into alr having different densities showed
that this difference in dispersion decreased rapidly as the
air density was increased, As the injection progressed
tho dispersion became similar to that of continuous sprays,
and photomicrographs made at the later stagos are used in
gsome of the followlang figures.

The influence of air density on the dispersion of ful-
1y dovoloped sprays is shown by the photomicrographs in
Figure 6, Thoy show that the disruption of the fuel Jet
and the dispersion of the fuel particlos increase with air
density.

When different nozzles of llke dssign were wused to
produce sprays in the e vacuated chamber, 1t was found that
the spray dispersion varied greatly. In some cases the
gprays were nearly as well dlspersed as when injected into
the atmosphers, but in other ceses the dispersion was very
slight, even at high injectlon pressures, The differences
are thought to be dus to irregularities in the no%Zzles,

In one case a nozzle that gave a'well-dlspersed spray was
found to have a slight irregularity. After it was polished,
the spray dispersion was less, As the air density was in-
creased, the difference in the disperslilon of sprays from
different nozzles decreased, becoming very slight at the
higher values used.

* Effect of Distance from the Nozzle

The photomicrographs of Figure 7 show how the appear-
ance of a high-velocity spray changes as it travels away
from the nozzle, The same stages were more distinct with
a low=velocity spray. (Fige 3.)
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Agreement with Experiments on Spray Atomlzation

Experiments have been performed at this laboratory
(reference 4) in which the final sizes attained by the fu~'
el varticles in sprays were determined, .The resgults _ '
showed that the drop slzes decreased with increasing Jjet
velocity, but that changing the density of the alr into
which they: wore injected had no effect, Experiments by
Sass’ (reference 5) showed the same results for different
ve1001tles, but indicated that the drop slzes decreased
with inereasing air density. The phqtomicrographs of Filg-
ures 6 and 7 show that, at a given distance from the noz-
zle, an increass in the alr density causes a very decided
inereasd in the diespersion, and probably a decrease in the
mean drop size.  Substantially the sams resulits-may be-ob-
tained by keeping the air density constant and increasing
the distance from the nozzle, We may conclude that.the-
atomlizing process continues as long as the jobt-velocity is.
high enough to causc large particles to be torn apart to -
form smaller ones. In very dense air, the process is
quickly carrieod to the limits obtainable with the jet ve~
locity used; in air at low densities the Jet loses its
veloclity more slowly and travels farther, but the final
effect is the seme, Witk the apparatuns used by Sass the
sproay was caught after it had traveled about 8 inches,
and it may be that the atomizing process was incomplete
at that distance, especially at the lower air densities,

CONCLUSIONS

The studies thus far made of the photomicrographs of
fuel sprays indicate-

That the theory of alr-streanm atomization, advanced
by Dr., R. A, Castlemen, Jjr., apprears to be directly appli-
cable to the atomization of fuel sprays of the solid-inaec~
tion type,

Thet at & given distance from the orifice, the dis-
ruption of the Jjet and the dispersion of the fuel increase
wlith an inecrease in the jet velocity or an increase in
the alr density,

That at a given value of jet velocity and ailr density,
the disruption of the jet and the dispersion of the fusl
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lncrease with distance from the nozzle until the relative
veloclity between the fuel and the air becomes so low that
the alr no longer tears the fuel apart.

That at atmospheric and subatmospheric air densitises,
there may be wide differences in the dispersion of sprays
from different nozzles of the same geometric design be-
cause of slight irregularities in the nozzles, and also be-
tween the early and later parts of sprays from nozzles
used with asutomatic injection valves, At air densities
corresponding to those in compression—~ignition engines at
the time of fuel injection the differences are slight,

Langley MYemorisasl Asronsautical Laboratory,
Hational Advisory Committes for Aeronautlcs,
Langley Field, Va,, June 13, 1932
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Injection pressure, 10 pounds per square inch
Discharge orifice digmeter, 0.020 inch
Alr density, 1 atmosphere

fuel column into drops, X 3.26

Tig. 1

¥ig. 1 Photomicrograph showing the breakdown of a
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InJecti;;_;;és;ﬁre, 260 lb.ysq.in.
Orifice diameter, 0,014 inch
Distance from mnozzle, 5 inches

Injection pressure, 120 1b./sq.in.
Orifice dismeter, 0.020 inch
Distance from nozgle, 7,5 inches

Fig. 2 Photomicrographs of fuel sprays showing the formation and
breskdown of ligaments, X 10. All sprays contimucus, in-
jected into air at atmospheric density.

Injection pressure, 650 1b./sq.in.
Orifice dlameter, 0.020 inch
Distance from nozzle, 5 inches

Injection pressure, 70U 1D./8q.in.
Orifice diameter, 0.020 inch
Distance from nozzle, 1.5 inches




C At tha nozzle

5 1nchea from nonle . | 7.5 inches from nozzle 10 inches from nozzle

Injection pressure, 100 pounds per sguare inch
Alr Jensity, 1 atmosphere
Dlameter of discharge or:lﬁcs, 0.020 inch

Fig. 3 FPhotomicrographs showing the various stagas in the breskdown of a
low-velocity fuel jet, X 10
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Jihn',je'cuon pr'eseur'a.' "in,j t;ét:.ioﬁ'ﬁi-:a;mi-'e. Inj ection pressure,
200 pounds per square inch 500 pounds per square inch 1000 pounds per square inch

Dietance from nozzle, 5 inches

Discharge orifice dismeter, 0.020 inch
Alr density, 1 atmosphere

Pig. 4 FPhotomicrographs showlng the effect of injection pressure on the
atomization process, X 10
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5

Scale, inches
-~
T

Injection pressure, 15600 pounds per square inch

Air density, 1 atmosphere
Discharge orifice diameter, 0.008 inch

Tig. 5 Silhoustte photographs of fuel sprays from au
sutomatic injection valve, X 2.5
(a) Start of epray -
(b) 0.002 gecond after start of spray
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Mr density, 0.00526 atmosphere Alr density, 1.0 atmosphere Alr density, 13.3 atmospheres
. Injection pressure, 1000 lb./sq.in. Dlatance from nosszle, 1.5 inches
Discharge orifice diameter, 0,008 inch
Fig. 6 Fhotomicrogrephs showing the effact of the demsity of the air into which
the fuel ig sprayed on the atomization process, X 10
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At the noxzle 2 inches from nozzle I o I 5 incheg from mzs-le
Injection pressure, 1000 1b./sq.in. Air density, 1 atmosphere
Discharge orifice dlameter, 0.014 inch

Mg. 7 PFhotomlcerographs showing the atomization process at different distances
from the nozzle, X 10
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